Virioplankton play a crucial role in aquatic ecosystems as topdown regulators of bacterial populations and agents of horizontal gene transfer and nutrient cycling. However, the biology and ecology of virioplankton populations in the environment remain poorly understood. Ribonucleotide reductases (RNRs) are ancient enzymes that reduce ribonucleotides to deoxyribonucleotides and thus prime DNA synthesis. Composed of three classes according to O 2 reactivity, RNRs can be predictive of the physiological conditions surrounding DNA synthesis. RNRs are universal among cellular life, common within viral genomes and virioplankton shotgun metagenomes (viromes), and estimated to occur within >90% of the dsDNA virioplankton sampled in this study. RNRs occur across diverse viral groups, including all three morphological families of tailed phages, making these genes attractive for studies of viral diversity. Differing patterns in virioplankton diversity were clear from RNRs sampled across a broad oceanic transect. The most abundant RNRs belonged to novel lineages of podoviruses infecting α-proteobacteria, a bacterial class critical to oceanic carbon cycling. RNR class was predictive of phage morphology among cyanophages and RNR distribution frequencies among cyanophages were largely consistent with the predictions of the "kill the winner-cost of resistance" model. RNRs were also identified for the first time to our knowledge within ssDNA viromes. These data indicate that RNR polymorphism provides a means of connecting the biological and ecological features of virioplankton populations. viral ecology | viral evolution | phage replication V iruses are key players in biogeochemical cycling and energy flow and help shape the composition of aquatic microbial communities (1-3). Additionally, viruses influence microbial metabolism through horizontal gene transfer and expression of auxiliary metabolic genes during infection (4). Despite their impact, we understand little about the specific biological features and ecological strategies of viral populations within natural ecosystems. Constraining these second-order issues is critical to building better quantitative models of how viral processes affect ecosystems (5).
Virioplankton play a crucial role in aquatic ecosystems as topdown regulators of bacterial populations and agents of horizontal gene transfer and nutrient cycling. However, the biology and ecology of virioplankton populations in the environment remain poorly understood. Ribonucleotide reductases (RNRs) are ancient enzymes that reduce ribonucleotides to deoxyribonucleotides and thus prime DNA synthesis. Composed of three classes according to O 2 reactivity, RNRs can be predictive of the physiological conditions surrounding DNA synthesis. RNRs are universal among cellular life, common within viral genomes and virioplankton shotgun metagenomes (viromes), and estimated to occur within >90% of the dsDNA virioplankton sampled in this study. RNRs occur across diverse viral groups, including all three morphological families of tailed phages, making these genes attractive for studies of viral diversity. Differing patterns in virioplankton diversity were clear from RNRs sampled across a broad oceanic transect. The most abundant RNRs belonged to novel lineages of podoviruses infecting α-proteobacteria, a bacterial class critical to oceanic carbon cycling. RNR class was predictive of phage morphology among cyanophages and RNR distribution frequencies among cyanophages were largely consistent with the predictions of the "kill the winner-cost of resistance" model. RNRs were also identified for the first time to our knowledge within ssDNA viromes. These data indicate that RNR polymorphism provides a means of connecting the biological and ecological features of virioplankton populations. viral ecology | viral evolution | phage replication V iruses are key players in biogeochemical cycling and energy flow and help shape the composition of aquatic microbial communities (1) (2) (3) . Additionally, viruses influence microbial metabolism through horizontal gene transfer and expression of auxiliary metabolic genes during infection (4) . Despite their impact, we understand little about the specific biological features and ecological strategies of viral populations within natural ecosystems. Constraining these second-order issues is critical to building better quantitative models of how viral processes affect ecosystems (5) .
Methodological limitations have hindered efforts to understand viral ecology. Viruses lack a universally conserved phylogenetic marker, akin to the 16S rRNA gene in cells, which can broadly assay viral distributions and diversity. Marker genes used as proxies of environmental viral diversity are typically limited to specific viral taxa. Furthermore, PCR-based approaches can fail to detect prominent and biologically important viral populations owing to the potential for low nucleotide similarity between homologous genes. Recent work examining the diversity of viral DNA polymerase A genes within virioplankton metagenomic (virome) sequence data revealed that low-efficiency DNA polymerases, undetected by PCR, were predominant within virioplankton (6) . That work also highlighted the unique ability of DNA polA sequences to provide insights into the biological features of unknown phages within the virioplankton. In general, the ability to connect biological features with sequence diversity in marker genes-including those widely used in ecological studies, such as the 16S rRNA gene-can be tenuous (7) .
Ideally, a marker gene of viral diversity should (i) be widely distributed among diverse viral lineages and, therefore, evolutionarily ancient; (ii) be abundant within environmental viral assemblages; (iii) play an important role in viral biology; (iv) have a single evolutionary origin and not be replaceable through nonorthologous gene displacement; (v) be phylogenetically informative; and (vi) be well represented in reference databases. Ribonucleotide reductase (RNR) gene products fulfill these criteria. Nucleotide metabolism pathways, including biosynthesis, are among the most represented within the virioplankton (8, 9) . RNRs are the only known enzymes capable of reducing ribonucleotides to deoxyribonucleotides (10) , an essential step for DNA synthesis. As such, RNRs are key to nucleotide biosynthesis, under stringent evolutionary selection pressure, and among the most abundant annotated genes in marine virome libraries (11). Importantly, RNR genes are present in all three families of tailed phages in the order Caudovirales and have been identified in viruses infecting hosts within all three domains of life (10) . RNRs are strongly tied to lytic marine phages
Significance
Within aquatic ecosystems viruses facilitate horizontal gene transfer, biogeochemical cycling, and energy transfer by infecting and lysing microbial host cells. Despite their critical role in ecosystem function we understand little of the biological, ecological, and evolutionary features of most viruses in nature. We identify ribonucleotide reductase (RNR) genes as superior markers of viral diversity. RNR genes are distributed over a broad range of viruses. The most abundant RNR genes in marine environments are from novel groups only distantly related to known viruses. Frequency distributions of RNR clades within viral metagenome sequence libraries support predictions made by the "kill the winner" hypothesis, indicating that specialist podoviruses specifically adapted to infecting abundant heterotrophic bacterioplankton predominate within the virioplankton.
(12), which significantly influence nutrient cycles within the global ocean (5) . Therefore, RNRs easily fit the criteria of being functionally nonredundant, abundant, and widely distributed.
In addition, RNRs are biologically informative and form three physiological classes according to reactivity with O 2 . Class I RNRs are O 2 -dependent. Class II RNRs are O 2 -independent and rely upon adenosylcobalamin (vitamin B 12 ). Class III RNRs are sensitive to O 2 . All three classes share a common catalytic center and use similar radical-based chemistry (13). Therefore, all three modern classes of RNR likely evolved from a single common ancestor (14) . This study focused on the catalytic (alpha) subunit of the holoenzyme identified in virome libraries spanning a broad oceanic transect. Subsequently these data were used to examine the biological and ecological features of lytic phage populations within the Caudovirales. The outcomes of these analyses were interpreted within the context of known viral diversity and the "kill the winner-cost of resistance" (KTW-COR) model for viral-host interactions (15). Overall, these data show that RNR sequence diversity within the virioplankton connects broadly with phage morphological groups and can be predictive of the ecological strategies within the virioplankton.
Results
Diversity of Putative Virioplankton RNR Sequences. The class II Ribonucleotide TriPhosphate Reductase (RTPR) group was the single most abundant and diverse group of RNRs in dsDNA viromes (Figs. 1 and 2A and Table 1 ). RNRs in this group formed four distinct clades ( Fig. 1 and Fig. S1 ). The majority of virioplankton sequences in this group fell in RTPR clades I and II and were more similar to one another than to reference sequences. Most of these RNRs claded with a single reference phage, Puniceispirillum phage HMO-2011, a podovirus infecting a member of the SAR116 α-proteobacteria ( Fig. 1 and Fig. S1 ).
Cyanophage-like RNRs were ubiquitious among viromes and divided according to morphology. T4-like cyanomyoviruses carry class I RNRs and cyanosiphoviruses and cyanopodoviruses carry class II RNRs ( Fig. 1 and Fig. S2 ). Class I RNRs homologous with cyanomyoviruses were less abundant than class II cyanophage-like RNRs ( Fig. 2C and Table 1 ). Virioplankton RNRs from the Gulf of Maine, Chesapeake Bay, and Dry Tortugas sharing homology with class II cyano-siphoviral and -podoviral RNRs formed several environment-specific clades (Fig. S2) , and RNRs from each environment shared the closest homology with different cyanophage references (Fig. 2B ).
Class I "Other" RNRs were distributed across three main clades ( Fig. 1 and Fig. S3 ). Sequences in clade I were most similar to RNRs from invertebrate iridoviruses, Caulobacter phages, and a monophyletic clade of α-proteobacteria. Clade II was the largest and was exclusively composed of virome sequences. RNRs in this clade were distantly homologous with the RNR from Pelagibacter phage HTVC019P, a podovirus infecting the oceanic SAR11 group of the α-proteobacteria. Clade III was dominated by sequences from the Gulf of Maine distantly homologous to cyanophage S-TIM5, a non-T4-like cyanophage ( Fig. 1 and Fig. S3 ). Class II Other RNRs were almost exclusively part of a clade containing α-proteobacterial phages PhiJL001 and Roseobacter phage RDJL phi 1, Pseudomonas phages YuA and M6, and the α-proteobacterium Candidatus Puniceispirillum marinum ( Fig. 1 and Fig. S3 ).
Virioplankton RNR Population Distributions and Ecology. RNR α-subunit genes were predicted to be present in 93% of sampled dsDNA virioplankton (Fig. 3) . Subsequently, the abundance (viruses per milliliter) of each group in the Chesapeake Bay was estimated as follows: class I Cyano (2.9 ± 1. (Table 1) . Overall, the ratio of class I: class II RNRs decreased with latitude from north to south among dsDNA libraries. Putative class II RNR sequences were predominant in ssDNA and RNA libraries from the Chesapeake Bay and Dry Tortugas. A single O 2 -sensitive class III RNR sequence was identified in the Gulf of Maine library. RNR groups displayed environment-specific profiles across dsDNA viromes. The Gulf of Maine had the highest proportions of class I and class II Other RNRs. Cyanophage-like RNRs were most abundant in the Chesapeake Bay, and class II RTPR RNRs were most abundant in the Dry Tortugas. RTPR was the single most abundant group of RNRs identified, accounting for 34% of virioplankton RNRs in the Gulf of Maine and Chesapeake Bay and >50% in the Dry Tortugas (Table 1) .
Putative cyanophage virioplankton RNRs were used as a model for assessing phage population biology in situ. The majority of sampled cyanophage particles were predicted to have RNRs (Table S1 ). Class II cyanophage RNRs (siphoviruses and podoviruses) were more diverse than class I RNRs (myoviruses) ( Fig.  2A) . Cyanophage populations within the Chesapeake Bay were dynamic over 24 h (libraries CFA-CFD). Individual cyanophagelike RNR peptide clusters fluctuated over this 24-h period, ranging from 0 to >75% of all cyanophage-like RNRs at any given time point (Fig. S4C) . Within the RNR-carrying cyanophage assemblage, the predicted proportion of class I cyanomyoviral RNRs increased from 14% at T0 to 45% at T24 (Fig. 2C ).
Discussion
Identity of Phages Carrying Novel Virioplankton RNR Sequences. Few phage RNR sequences claded with the abundant virioplankton RNRs within the class II RTPR group and class I Other, clade II ( Fig. 1 and Figs. S1 and S3); thus, to better characterize the origin of these RNRs we examined the genomic context of similar RNRs on contigs >5 kb from a deeply sequenced virome library (SI Materials and Methods). Three contigs >5kb with an RTPR RNR (Figs. S5 and S6A) and one contig >5 kb with a class I Other, clade II RNR (Figs. S5 and S6B) were identified. The majority of identifiable ORFs on all three RTPR contigs were most similar to genes of known podoviruses (Fig. S5) . In particular, the most common top BLAST hits were to podoviruses that infect α-proteobacteria. This provides circumstantial evidence that virioplankton sequences within the RTPR group belonged to podoviruses.
The class I Other, clade II RNR occurred on a 7-kb contig (Figs. S5 and S6B) . Seven of the 10 predicted ORFs on this contig shared homology with genes of podoviruses infecting α-proteobacteria, such as Pelagibacter phages HTVC011P and HTVC019P and Roseobacter phage SIO1, although these were not always the top BLAST hit (Fig. S5) . A bacterial glutaredoxin sharing homology with an SAR11 α-proteobacterium was also present (Fig. S5 ) and may have been introduced by horizontal gene transfer from the host. Thus, the class I Other, clade II RNRs represent a substantial increase in the diversity of known phages infecting marine α-proteobacteria such as the SAR11 group.
Interestingly, many of the virioplankton RTPR sequences were similar to RNRs from green algal species Volvox carteri f. nagariensis and Chlamydomonas reinhardtii, as well as Chlorella viruses such as Acanthocystis turfacea chlorella virus 1 (Fig. S1 ). Class II (B 12 -dependent) RNRs are rarely observed in eukaryotes but have been identified in several microalgal species and are the result of horizontal gene transfer from bacteria (10) . Many microalgal species, including V. carteri, are B 12 -dependent auxotrophs and rely upon bacteria for this essential cofactor (16), and several algal-associated bacteria are capable of de novo B 12 synthesis and supporting growth of auxotrophic algal cultures in minimal media (17, 18) . The presence of two CRISPR (clustered regularly interspaced short palindromic repeats) arrays in the B 12 -producing, dinoflagellate-associated bacterium Dinoroseobacter shibae DFL12
T indicates that phage infections occur in these bacteria (17). Based on this information, we hypothesize that these class II RTPR sequences are from podoviruses whose hosts are B 12 -producing heterotrophic bacteria associated with microalgal species. Furthermore, the hosts for RTPR podoviruses may be α-proteobacteria because many microalgal-associated bacteria belong to this class (17-19) and many of the ORFs on the RTPR contigs ( Fig. S5 ) shared homology with Roseobacter phage SIO1 and Puniceispirillum phage HMO-2011.
RNR As a Proxy of Phage Population Biology. RNR can provide insight into ecological features of lytic phage populations because of its wide distribution among viral lineages. There is a growing consensus that morphological groups broadly correspond with the ecological strategy of tailed cyanophages. Myoviruses are believed to be generalists, capable of infecting 
% Cyanophage Sequences a broader range of hosts, whereas podo-and siphoviruses are specialists, infecting a narrow range of host species (20-24). To date no genetic marker has been clearly associated with phage morphological groups. However, the split in RNR class between cyanophage morphological groups ( Fig. 1 and Fig. S2 ) and the high proportion of cyanophages with RNR genes observed in this study (Table S1 ) open a window to investigating the population dynamics of generalist and specialist phage groups. Consistent with previous reports of siphoviruses and podoviruses, many class II RNR cyanophage clades were composed of sequences from a single environment (Fig. S2 ), indicating endemic populations of specialist phages (25, 26) . Localized diversity of specialist cyanophages may be a bellwether of distinct cyanobacterial host populations between environments. Class II cyanophage RNRs were more abundant than class I cyanomyoviral RNRs in every library sampled except CBJ and CIA ( Fig. 2C and Table S2 ), and the top cyanophage peptide clusters in all three environments shared closest homology with putative specialist phages ( Fig. 2 and Fig. S4A ). The high proportion of class II cyanophage-like RNRs contradicts previous surveys of cyanophage distributions within microbial metagenomic datasets that identified high proportions of cyanomyoviruses (20, 25, 27) . However, these observations could have been biased by sequencing the >0.1-μm microbial fraction, which would have selectively eliminated diminutive podoviruses (20). Typically, generalist myoviruses have larger genomes and are larger in size compared with podoviruses. In marine viromes targeting the <0.2-μm viral fraction, cyanopodoviruses accounted for ≥50% of all cyanophage sequences (20). Likewise, cyanopodoviruses were previously predicted to dominate cyanophage populations in the Chesapeake Bay (28), a finding that was corroborated in this study ( Fig. 2C and Fig. S4A ). The high proportion of class II RNRs identified in this study, which we believe to be predictive of abundant podoviral populations, agrees with predictions made by a revised model of "kill the winner" that incorporates a cost of resistance to viral infection (the KTW-COR model) (15). A key prediction of the KTW-COR model is that specialist phages, such as podoviruses, dominate within virioplankton assemblages and limit the abundance of competition specialist hosts through phage predation (15).
Interestingly, the class II:class I ratio of cyanophage RNRs decreased over 24 h in the Chesapeake Bay (CFA-CFD) (Fig. 2C ). Diel patterns in cyanophage abundance have been observed previously (29). However, the dynamics of generalist and specialist phage populations over these cycles is unknown. Longitudinal sampling over a longer time period may help determine whether there are predictable patterns in the abundance of generalist (class I) and specialist (class II) cyanophages within the virioplankton.
RNR Class and Phage Biology. Frequencies of class I and class II virioplankton RNR groups differed across marine environments (Table 1) and may indicate differences in the abundance of specific bacterial host groups between sample sites. Even in the Gulf of Maine (which had the highest proportion of class I RNRs), 62% of RNRs identified were class II (Table 1 ). In contrast, the majority of RNRs within known phages and short-read marine viromes are aerobic, class I RNRs (11). This discrepancy may be due to the predominance of myoviral genomes in sequence databases and the fact that short sequence reads can make identifying RNR class designations difficult (11, 30) . Moreover, the short-read aquatic viromes showing a high abundance of class I RNRs were amplified by multiple displacement amplification (MDA) before sequencing (26, (31) (32) (33) . MDA is known to introduce sequencing biases (34, 35) and can result in large coverage discrepancies across loci (36). Thus, assessing gene frequency data from MDA libraries is particularly difficult. In contrast, the viromes examined in this study were amplified using relatively unbiased approaches [i.e., the linker-amplified shotgun library (LASL) approach] (37).
Although less abundant, class I RNRs provide key insights into phage biology and diversity. Most phages have the same RNR class as their host, yet T4-like cyanophages have class I RNRs that are more similar to those of enterobacteria and T4-like phages rather than class II RNRs like the majority of marine cyanobacteria ( Fig. 1 and Fig. S2 ). In fact, class I RNRs are part of the "core genome" among T4-like phages (38) and likely play a vital role in T4-like phage biology, which may explain the constrained RNR diversity observed in these phages ( Fig. 2A) . One possible constraint may be related to the small redox protein glutaredoxin, which provides RNR with its reducing potential (39). Bacteriophage T4 encodes a glutaredoxin [the protein product of gene nrdC (40)] that is compatible with only the phage RNR; likewise, the T4-encoded RNR can only be reduced by its own glutaredoxin and not by Escherichia coli's thioredoxin (41). Upon infection, T4's glutaredoxin is preferentially reduced over E. coli's thioredoxin, effectively outcompeting the host's RNR system (42). The phage-specific RNR-redoxin combination may preclude the acquisition of a host-like RNR in T4-like phages unless both are simultaneously lost. Supporting this hypothesis, Aeromonas phages 25, 31, phiAS4, and 44RR2.8t were the only T4-like phages without T4-like class I RNRs (43) (Fig. S3 ). They were also the only T4-like phages lacking the nrdC gene (44) (SI Materials and Methods). Likewise, Bacteriophage RM378, a T4-like phage with a class II RNR, has no identifiable redoxins (SI Materials and Methods). In contrast, host thioredoxins act as processivity factors in the phage T7 DNA polymerase holoenzyme (45); thus, T7-like podoviruses may be under increased pressure to carry RNRs compatible with thioredoxins of their hosts.
Interestingly, not all related phages carry RNR. Among T7-like podoviruses, only marine phages are known to carry RNR genes (12), and two of the three identified Pelagibacter podoviruses (phages HTVC010P and HTVC011P) have no identifiable RNR genes in their genomes (46). It is unclear why some related phages carry RNR genes and others do not, particularly lytic phages in marine environments where RNR may provide a selective advantage in phosphate-limited environments (12, 47). Nevertheless, >90% of dsDNA virioplankton sampled in these environments were estimated to carry RNR (Fig. 3) . As expected, class I RNRs were ubiquitous among T4-like cyanophages, whereas >70% of cyano-siphoviruses and -podoviruses had class II RNRs (Table S1 ). In the case of the Pelagibacter podoviruses, overrecruitment to the HTVC019P RNR in comparison with its genome implies RNRs are more prevalent than cultivated references indicate (Table S1 ). In addition, distinct RNRs were observed between reference myoviral and podoviral Pelagiphages ( Fig. 1 and Figs. S2 and S3), suggesting RNR genes can provide a cultivation-independent means to query the abundance, distribution, and ecological strategies of this poorly studied group.
Another unexpected finding was the occurrence of RNRs in ssDNA and RNA viromes. To our knowledge, RNR has not been observed in ssDNA or RNA viral genomes. A significant proportion of sequences in the ssDNA viromes shared homology with cyanopodoviruses (Fig. S7A) , and most of these sequences mapped to a single genomic region of cyanopodoviruses containing genes involved in DNA replication, including RNR and DNA polymerase A (Fig. S7B ). The number of reads in the ssDNA viromes mapping to DNA replication regions was approximately three times that of dsDNA viromes from the same location (Fig.  S7B ). Given these findings, we believe that the most parsimonious explanation is that these DNA replication gene cassettes may have been horizontally transferred to ssDNA viruses from a cyanopodovirus, or vice versa. The latter possibility is intriguing because cyanopodoviral RNRs are distinct (Fig. 1) , and because they were among the shortest α-subunit genes identified. It is conceivable that RNR could provide a selective advantage to ssDNA viruses, resulting in its maintenance within a streamlined genome. It seems unlikely RNRs would be present in RNA viruses because most known RNA viruses do not use a DNA intermediate stage, and there are no documented RNRs among known retroviral genomes. These sequences may have originated from ssDNA contaminating the RNA fraction as these nucleic acids elute successively from the hydroxyapatite column. Moreover, the RNRs from the RNA libraries were most similar to cyanopodoviral RNRs (Table 1) , and nearly 50% of viral reads in Chesapeake Bay RNA library CBR (Table S3) shared homology with ssDNA phages (http://virome.dbi.udel.edu).
Conclusions
RNR contains a number of attractive qualities as a marker of viral diversity in aquatic environments. Its occurrence across viral taxa, including the most abundant observed phages in marine environments, captures a cross-section of virioplankton diversity beyond that previously attainable with a single gene. Additionally, RNRs provide biologically relevant information regarding the physiological conditions of DNA replication and provide a means of investigating phage population biology in situ. RNR sequences from the Gulf of Maine, Chesapeake Bay, and Dry Tortugas revealed novel groups of abundant lytic viruses in the ocean and the frequency of RNR sequence types within the virioplankton agreed with phage-host interactions predicted by the KTW-COR model.
Materials and Methods
Metagenomic Libraries. Publically available virioplankton metagenomic libraries (viromes) from the Gulf of Maine, Chesapeake Bay, and Dry Tortugas (Table S3) were downloaded from the VIROME database (http://virome.dbi. udel.edu) (48). Filtration procedures used for the concentration of virus particles from these water samples are described in ref.
49. Subsequently, viral concentrates were processed for shotgun sequencing using the LASL method (50). Total viral nucleic acids were separated by hydroxyapatite chromatography into dsDNA, ssDNA, and RNA fractions for Chesapeake Bay and Dry Tortugas samples. The ssDNA and RNA fractions were transformed into dsDNA, ultimately yielding virome libraries CBS and CBR from the Chesapeake Bay and DTS and DTR from the Dry Tortugas (51). Chesapeake Bay dsDNA virioplankton libraries CFA through CFD were collected over 24 h at station CB 858 (38°58′N, 76°23′W). Chesapeake Bay library CIA was an induced dsDNA library where a 1-L water sample was incubated for 24 h with 0.05 μg·mL −1 Mitomycin C to induce the production of temperate phages. Only dsDNA viruses were processed from the Gulf of Maine water samples. Random clones were selected from each library and Sanger-sequenced; however, the dsDNA Chesapeake Bay time series libraries were also sequenced without cloning using 454 pyrosequencing technology (libraries CFE through CFG).
Identification and Distribution of Putative Viroplankton RNRs. ORFs were predicted for sequence reads in each virome using MetageneAnnotator (52) and translated. Translated ORFs were queried against a reference protein database of RNR representative sequences from UniRef90 RNR clusters (53) using BLASTp (54) with an e-value cutoff of 1e-10. Nucleotide reads containing ORFs with sequence homology to RNR α-subunits were sorted into five groups by Conserved Domain BLAST and top BLASTx hits: class I Cyano, class I Other, class II Cyano, class II Other, and class II RTPR (Table 1 and  Table S2 and Fig. 1 ). Sequences in the class I Cyano group were most similar to known T4-like cyanomyoviruses. Class I RNR sequences not sharing homology with cyanophages were placed in the class I Other group. This group included sequences that were most similar to Pelagibacter phage HTVC008M even though this phage contains a cyanophage-like RNR (Fig. S2) . Sequences sharing closest homology with class II cyanosiphovirus and cyanopodovirus RNRs were placed in the class II Cyano group. Sequences that were identified in the Conserved Domain BLAST as belonging to TIGR02505-identified in the BLAST search as RTPR-were placed in the group class II RTPR. Class II RNR sequences that were not placed in either the class II Cyano or class II RTPR groups were placed in the class II Other group. Group frequencies were determined by library (Table S2) . Each putative virome ORF was normalized by the average read length of the library (Table S3) Sampled genomes were assumed to be of similar size as the references to which they recruited. Class I/class II RNR combinations in phage are rare (11); thus, RNR was assumed to be single copy per genome.
Assembly of Putative Virioplankton RNR Sequences. Reads containing putative RNR ORFs were assembled by library into contigs using Geneious v. 5.6.2 (55) with the following parameters: maximum 2% gaps per read, minimum 50-bp overlap, and maximum 3% mismatches per read. Ambiguous bases within contigs were corrected manually. Putative RNR-containing reads from the paired Chesapeake Bay Sanger and 454 libraries CFA-CFD and CFE-CFH, respectively, were coassembled. Assembled contigs and unassembled metagenomic sequence reads of at least 600 bp were retained for another round of ORF prediction using MetaGeneAnnotator (52) and translated.
Alignments and Phylogenetic Trees. Class I and II α-subunits of reference and putative virioplankton RNRs were aligned with MAFFT using the FFT-NS-i ×1,000 algorithm (56). The majority of predicted peptides from assembled contigs and unassembled sequence reads did not span the full length of reference peptides. Therefore, a 189-aa region of interest (N437 to S625 in the E. coli nrdA gene product) containing key catalytic and binding residues was identified and used in subsequent phylogenetic analyses. Sequences that did not span the entire extracted region or lacked the key catalytic residues C439, E441, and C462 were removed. Gaps introduced by intein sequences were manually deleted. Retained putative RNR sequences identified in this study were deposited in GenBank (accession nos. KM520158-KM520331). A maximum likelihood tree with 100 bootstrap replicates was made with PhyML (57) in Geneious v. 5.6.2 (55) (Fig. 1) .
Predicted Cyanophage Population Biology. Metagenomic nucleotide reads were binned by closest homology to reference sequences according to BLASTx (54) (Fig. 2B ). Sequences were normalized by library average read length and reference gene length (SI Materials and Methods). Morphology of putative cyanophage RNR sequences was predicted by the taxonomy of the closest reference sequence (Fig. 2C) . Virioplankton cyanophage populations were examined by clustering of cyanophage-like RNR peptides. Translated ORFs were aligned using MAFFT as described above (56). For rarefaction analysis, peptides containing the extracted region of interest (N437 to S625 in the E. coli nrdA gene product) were extracted. All peptides beginning at N437 that contained key catalytic residues C439 and E441 and were ≥65 aa were clustered at 90% using the furthest neighbor algorithm in mothur (58). Rarefaction was performed by RNR group in EstimateS v. 9.10 (59) with 100 iterations and extrapolated to 120 sequences. To examine population dynamics, a 75-aa region (Y655 to N729 in the Synechococcus phage S-SM2 nrdA gene product) in the C-terminal region of RNR was extracted. This region was chosen to provide the greatest number of environmental sequences for subsequent clustering analyses. ORF frequencies from the extracted region matched those predicted for each environment from the entire dataset (Fig.  S4B) ; thus, the extracted region did not bias RNR class distributions. Peptide sequences spanning the extracted region were clustered at 98% identity using the furthest neighbor algorithm in mothur (58). Peptide clusters were plotted on a rank-abundance curve (Fig. S4A ). Reference phages with the greatest homology to the translated ORFs in each cluster were identified by BLASTp (54). Cyanophage dynamics were investigated by determining the proportion that each cluster comprised of the cyanophage assemblage in libraries CFA-CFD (Fig. S4C) . (6) (CFD) . Total viral nucleic acids from the time series samples were separated into dsDNA, ssDNA, and RNA fractions using hydroxyapatite chromatography. The ssDNA and RNA fractions from each time point were pooled and transformed into dsDNA to provide libraries CBS and CBR, respectively. Dry Tortugas and Chesapeake Bay libraries were amplified by the LASL method before transformation and sequencing (3) . After the induction treatment virus particles were concentrated by tangential-flow filtration (4) . The Gulf of Maine Library GMF was sampled at station GOM04 (44°07′5 ″N, 67°58′3 ″W) in January 2006.
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Identification and Distribution of Putative Viroplankton Ribonucleotide
Reductases. All sequences were screened by a Conserved Domain BLAST search (5) to confirm homology to ribonucleotide reductase (RNR). Each read was queried against the CDD database (v3.10) using Conserved Domain BLAST (5) and BLASTx (6) and sorted by the top results.
Interlibrary RNR Frequency Normalization. Differences in read length between libraries were corrected as follows to allow for interlibrary RNR frequency comparisons:
where r is the mean read length of the individual library, R is the mean read length of all libraries being compared, RNR is the number of reads with homology to RNR within the individual library, and L is the number of reads in the individual library.
Intralibrary RNR Frequency Normalization. RNR frequencies were normalized within a library by the mean read length of the library and gene length of the top BLAST hit reference phage for each metagenomic sequence. The corrected number of reads was calculated as follows:
where r is the mean read length of the individual library, G is the gene length of the RNR from reference phage, and RNRn is the number of reads with a top BLAST hit to a particular reference phage within the individual library. The proportion of each group/subunit combination per library was calculated as follows:
where RNRc is the corrected number of reads for a given RNR group/subunit.
Alignments and Phylogenetic Trees. Subsequent alignments and trees were made by extracting sequences from the original alignment (Figs. S2, S3, and S4) . Because of the high number of reference sequences within the class I Other, class II Other, and class II Ribonucleotide TriPhosphate Reductase (RTPR) groups (Fig. 1) it was necessary to cluster these sequences at 80% identity using the furthest neighbor algorithm in mothur (7). Representative sequences from each cluster were aligned with the metagenomic sequences. Metagenomic sequences belonging to the class II RTPR group were also clustered at 80% identity to reduce the number of sequences on the tree (Fig. S1 ).
Predicted RNR Group Abundances in the Chesapeake Bay. The abundance (viruses per milliliter) of identified RNR groups was predicted for libraries CFA-CFD using direct count values obtained from epifluorescence microscopy (8) and recruitment to RefSeq viral genomes. The abundance of each group was calculated as (VA) × (BR/TB) × (RNR/G), where VA is the observed viral abundance (per milliliter) for a given library, BR is the number of bases in the library that recruited to reference viral genomes, TB is the number of total bases in the library, RNR is the number of predicted RNR genes sampled in a given group in the library, and G is the number of total predicted genomes sampled in the library.
Identification of Redoxins. Thioredoxins and glutaredoxins from RNR-encoding phages within the order Caudovirales were obtained from the GenBank nr database. These sequences were compiled to create a reference database. Phage genomes were queried against this reference database using BLASTx with an e-value cutoff of 1e-01 to identify hypothetical or unannotated proteins that may be putative redoxins.
Contig Assembly and Annotation from the Rhode River. Fifty liters of surface water from the Rhode River was sampled at the Smithsonian Environmental Research Center in Edgewater, Maryland. The <0.2-μm fraction was concentrated by the Fe (III) chloride method (9); 2 ×150 bp paired-end reads were sequenced with the Illumina HiSeq at the University of Delaware Sequencing and Genotyping Center at the Delaware Biotechnology Institute. Contigs were assembled from ∼50 million paired-end reads using MetaVelvet (kmer = 67). Contigs over 5 kb were queried against the UniProt90 RNR database (BLASTx, e value ≤1e-05) and retained for ORF identification using MetaGene Annotator (10) . ORFs were annotated by homology to reference sequences identified by BLAST (6) (accession nos. KM520158-KM520331).
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Monosiga brevicollis MX1 . Unrooted maximum likelihood tree with 100 bootstrap replicates of class II RNR reference and putative metagenomic RTPR sequences. Metagenomic sequences from the large tree (Inset) were clustered at 80% identity. Representative metagenomic sequences were placed on the tree, with the number of reads from each environment within that cluster listed. Bacterial references from the large tree (Inset) were clustered at 80% identity. Representative sequences were placed on each tree. Numbers in parentheses following bacterial references indicate the number of reference sequences within that cluster. Scale bar represents amino acid substitutions per site. Bacteria are shown in purple, eukaryotes and eukaryotic viruses in orange, myoviruses in red, siphoviruses in blue, podoviruses in green, and metagenomic sequences in black. Celeribacter phage P12053L was colored as a podovirus based on its T7-like DNA polymerase even though it is officially listed as an unclassified dsDNA phage. Black, gray, and white circles represent bootstrap support ≥100%, 75%, and 50%, respectively. CB, Chesapeake Bay; DT, Dry Tortugas; GM, Gulf of Maine. Fig. S2 . Unrooted maximum likelihood tree with 100 bootstrap replicates of class I alpha and class II RNR reference and putative metagenomic Cyano sequences. Numbers in parentheses indicate the number of reads assembled in each contig. Scale bar represents amino acid substitutions per site. Bacteria are shown in purple, myoviruses in red, siphoviruses in blue, podoviruses in green, and metagenomic sequences in black. Black, gray, and white circles represent bootstrap support ≥100%, 75%, and 50%, respectively. Burkholderia multivorans ATCC 17616 (3) Bacillus coagulans 36D1 (8) Phage phiJL001 Zunongwangia profunda SM-A87 (10) Oxalobacter formigenes HOxBLS Paenibacillus sp. JDR-2 (2) Bacillus tusciae DSM 2912 (2) Roseobacter phage RDJL Phi 1 GMF1061042906920f_834_1_1 GMF1061042906719f_1_672_1
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